OVARIAN STEROIDS, ESPECIALLY estrogen, have complex and multifaceted effects on the cardiovascular system that suggest potential benefits in prevention and/or treatment of cardiovascular disease (17, 40, 50) . For example, in the cerebral circulation, estrogen has been shown to increase endotheliumdependent nitric oxide (NO) production, decrease vascular tone, and suppress thrombosis and inflammation (12, 26, 36, 38) . Women appear to be protected against stroke and other cardiovascular diseases compared with age-matched men, but only until menopause. With ovarian steroid deprivation, the rate of deleterious effects, especially in the cardiovascular system, accelerates (5, 42) . However, recently completed, prospective human studies of hormone replacement therapy failed to support the vasoprotective effect of estrogen (1, 16) . Many reasons for this result have been suggested, but one major concern is the average age of the study participants, 10 years or more past menopause (14, 50) . In light of the strong vasoprotective effect of estrogen in animal studies (17, 40) , it is possible that estrogen may be protective, not curative, implying that degenerative changes in the vascular system associated with aging may not be reversible with estrogen treatment.
Aging is associated with cardiovascular system dysfunction and an increase in related diseases. Many cardiovascular pathologies involve chronic inflammatory processes (3, 10, 18, 25, 27, 29) . For example, cerebral vascular inflammation is thought to play a central role in the pathogenesis of neurological disorders such as cerebral ischemia-reperfusion injury, Alzheimer disease, and migraine (13, 18) . Induction of cyclooxygenase-2 (COX-2) during cerebrovascular inflammation results in the production of inflammatory prostanoids, such as PGE 2 , thought to be detrimental to stroke outcome (19) . Induction of inducible NO synthase (iNOS), with consequent production of NO, can have both beneficial and deleterious effects, depending on the cellular compartment, quantities produced, redox state, and the stage of evolution of cerebral injury (8, 20) . Interestingly, the magnitude of protection exerted by iNOS gene knockout is dependent on animal age in an experimental stroke model (34) .
A key mediator of responses triggered during inflammation and oxidative stress is NF-B, an inducible nuclear transcription factor (11, 43) . Normally, NF-B is bound to an inhibitory protein, IB, in the cytoplasm. With appropriate stimulation, IB is phosphorylated and tagged for degradation, enabling NF-B dimers to translocate to the nucleus, bind B consensus sequences, and activate transcription of target genes for proinflammatory proteins, such as COX-2 and iNOS (7, 11, 31) . NF-B interacts with estrogen via the ␣-form of the estrogen receptor (22) , suggesting a role for this interaction in suppressing inflammation in various tissues, including brain (51) . Potential mechanisms may include protein-protein interactions, inhibition of NF-B binding to DNA, or unbalanced sharing of coactivators or corepressors (22) .
In young adult rodents, estrogen has been shown to attenuate cerebrovascular inflammation, whether induced by experimental ischemic stroke (41, 45) , IL-1␤ (37), or the bacterial endotoxin LPS (44, 49) . In particular, estrogen treatment decreased nuclear NF-B DNA binding activity and induction of COX-2 and iNOS (12, 37, 41, 49) . In light of the potential for increased stroke risk in older women taking hormone replacement therapy (1), we hypothesized that age alters the effect of estrogen on cerebrovascular NF-B nuclear translocation and DNA binding activity as well as induction of the downstream inflammatory enzymes, iNOS and COX-2, and their major inflammatory products, NO and PGE 2 . To test this hypothesis, LPS was used to induce an inflammatory response in cerebral blood vessels of young adult and middle-aged female rats that had been ovariectomized with or without chronic treatment with 17␤-estradiol.
MATERIALS AND METHODS
In vivo hormone treatment. All experiments were conducted in accordance with National Institutes of Health guidelines for the care and use of animals in research, and all protocols were approved by the Institutional Animal Care and Use Committee at the University of California, Irvine. Female Fischer 344 rats (NIA/NIH Harlan Lab), either 3 or 12 mo old, were ovariectomized (OVX group) while under anesthesia (46 mg/kg ketamine and 4.6 mg/kg xylazine ip). Some rats of each age group were also given estrogen replacement (OE group) at the time of surgery by implanting subcutaneous, slow-release, 17␤-estradiol capsules made of Silastic tubing (1.57 mm inner diameter ϫ 3.18 mm outer diameter) (32, 49) . To achieve similar 17␤-estradiol plasma levels, 5-mm-length tubing was used for 3-mo-old animals and 7.5-mm-length tubing for 12-mo-old rats. Animals were allowed to recover from surgery and then were returned to a vivarium where they were housed in individual cages with free access to chow and water in a temperature-controlled room (22°C) on a 12:12-h light-dark cycle.
One month after surgery and hormone capsule implantation, animals were anesthetized by CO 2, and blood samples were obtained by cardiac puncture for measurement of serum 17␤-estradiol (Diagnostic Products). Rats then were killed by decapitation, and their brains were immediately removed for assay or, as appropriate, frozen in dry ice and kept at Ϫ80°C until analysis. In some studies, animals were injected 6 h before euthanasia with LPS (1 mg/kg ip) or an equivalent volume of vehicle (0.9% saline).
Cerebral blood vessel isolation. In experiments involving vessel incubation ex vivo, pial vessels were rapidly and carefully hand dissected from the surface of the brain. Alternatively, blood vessels were isolated from whole brain using procedures previously described (32, 39) . Brains were gently Dounce homogenized in ice-cold 0.01 mol/l PBS (pH 7.4) and centrifuged at 4,500 g for 5 min at 4°C. The pellet was washed twice, with resuspension in PBS followed by centrifugation at 4,500 g for 5 min. To separate the vessels from brain parenchyma, the pellet was resuspended in PBS, layered over 15% dextran (35,000 -40 ,000 kDa; Sigma, St. Louis, MO) and centrifuged in a swinging bucket rotor at 4,500 g for 45 min at 4°C. The pellet containing blood vessels was collected over a 50-m nylon mesh and washed for several minutes with ice-cold PBS, and the top layer of the gradient was discarded. Vessels isolated by this procedure contain a mixture of arteries, arterioles, veins, venules, and capillaries.
Nuclear isolation. Vascular nuclear and cytoplasmic fractions were separated with the Active Motif nuclear extract kit (Carlsbad, CA). Isolated cerebral blood vessels were finely diced and Dounce homogenized in ice-cold buffer, and the manufacturer's instructions were followed. Both fractions were stored at Ϫ80°C before analysis. Western blot of the nuclear marker histone-1 (antibody from Santa Cruz Biotechnology) was used to validate the separation of the nuclear fraction from the cytoplasm (see Fig. 1 ). Protein content of the fractions was determined by the bicinchoninic acid (BCA) assay (Pierce).
Western blot analysis. Isolated cerebral vessels were glass homogenized in lysis buffer (50 mmol/l ␤-glycerophosphate, 100 mmol/l NaVO 3, 2 mmol/l MgCl2, 1 mmol/l EGTA, 0.5% Triton X-100, 1 mmol/l DL-DTT, 20 mol/l pepstatin, 20 mol/l leupeptin, 0.1 U/ml aprotinin, and 1 mmol/l PMSF) and incubated on ice for 20 min. Lysed samples were centrifuged at 4,500 g for 15 min at 4°C, and supernatants were collected for protein analysis (BCA) and Western blot. In each experiment, lysates from the different experimental groups were run together on the same Western blot for comparison. Equal amounts of total protein (25 g/lane) were loaded on 8% Tris-glycine gels, and proteins were separated by SDS-PAGE. A positive control for each protein of interest and broad-range biotinylated molecular weight markers (Bio-Rad) were also loaded for identification of protein bands. After electrophoretic separation, proteins were transferred to nitrocellulose membranes (Amersham, Piscataway, NJ) in blocking buffer containing 0.01 mol/l PBS ϩ 0.1% Tween 20 and 7% nonfat dry milk. Membranes were then incubated with the primary antibody for the protein of interest: rabbit polyclonal anti-COX-2 (1:2,000; Cayman Chemical, Ann Arbor, MI), rabbit polyclonal anti-iNOS (1:1,000; Santa Cruz Biotechnology), rabbit polyclonal anti-NF-B p65 (1:200; Santa Cruz Biotechnology), or mouse monoclonal anti-␣-actin (1:30,000; Sigma). This was followed by the appropriate secondary antibody: anti-rabbit IgG-horseradish peroxidase (1:5,000) or anti-mouse IgG-horseradish peroxidase (1: 5,000; Transduction Laboratories). To verify equal protein loading on each blot, we also probed each lane for ␣-actin. With the use of enhanced chemiluminescence reagent (Amersham) and Hyperfilm (Amersham), immunoreactive bands were detected, and band density was quantitated with the computer-based electrophoresis analysis program UN-SCAN-IT (Silk Scientific). Densities for the bands of interest were each corrected by the density of the ␣-actin band measured in the same lane of the gel.
LPS treatment in vitro. Freshly dissected pial vessels were collected in DMEM (Sigma) and equilibrated in a tissue culture incubator (37°C and 95% O 2-5% CO2) for 1 h. After the equilibration period, tissue was placed into fresh DMEM with or without 100 g/ml LPS at 37°C (95% O2-5% CO2) and incubated for 6 h.
NF-B p65 DNA binding activity. NF-B p65 DNA binding activity was measured in nuclear extracts of cerebral vessels with a TransAM NF-B p65 immunoassay-based kit (Active Motif); 10 g/well of nuclear protein or 2.5 g/well of HeLa whole cell extracts (positive control) were incubated for 1 h in 96-well plates to which a double-stranded NF-B consensus oligonucleotide sequence (5Ј-AGTTGAGGGGACTTTCCCAGGC-3Ј and 3Ј-TCAACTCCC-CTGAAAGGGTCCG-5Ј; binding site underlined) had been conjugated (Active Motif). Activated NF-B p65 was detected by 1-h incubation with an anti-p65 antibody that recognizes an epitope accessible only when NF-B is bound to DNA. Reactions were measured by colorimetric methods, and data were expressed as percentages of the positive control signal.
Measurement of PGE2 and NO. Freshly dissected pial vessels were collected in DMEM and equilibrated in a tissue culture incubator (37°C and 95% O2-5% CO2) for 1 h. After the equilibration period, tissue was placed into fresh DMEM with or without 100 g/ml LPS at 37°C (95% O2-5% CO2) and incubated for 6 h. Vessels were then placed in fresh DMEM medium and incubated for 30 min for measurement of PGE2 and NO production. The medium was then collected, immediately frozen, and stored at Ϫ20°C until time of assay. The vessels were lysed, and protein content was determined by BCA assay.
Enzyme immunoassay was used to measure PGE2 levels (Assay Designs) in the medium according to the manufacturer's protocol. PGE2 levels were normalized to tissue protein concentration. The LPS-dependent increase in PGE2 production was determined as the difference in PGE2 levels obtained from tissue incubated in the absence or presence of 100 g/ml LPS.
To measure NO production, incubation medium samples were centrifuged at 12,000 g for 1 min to remove any particulate matter. Total nitrite levels were measured with an NO quantitation kit (Active Motif) according to the manufacturer's protocol. Total nitrite values in each sample were normalized to protein content. The LPS-dependent increase in NO production was determined as the difference in NO levels obtained from tissue incubated in the absence or presence of 100 g/ml LPS.
Statistical analysis. Means Ϯ SE were calculated, and differences among groups were assessed by ANOVA. ANOVA with repeated measures was used to analyze protein density values among treatment groups run together on the same Western blot. These data were then normalized to one treatment group per blot (results displayed as fold differences). Statistical significance was set at P Յ 0.05. NewmanKeuls post hoc analysis was used for pairwise comparisons following ANOVA.
RESULTS

In vivo model of hormone treatment.
To verify the hormone treatment model, serum levels of 17␤-estradiol, body weights, and uterine dry weights were measured 1 mo after surgical and hormonal treatments (Table 1 ). Preliminary studies indicated that a larger hormone capsule (7 mm in length) was necessary in the middle-aged rats to achieve the same serum level of 17␤-estradiol that a 5-mm-long capsule produced in young adult females (32) . With this protocol, serum levels of 17␤-estradiol in both 4-and 13-mo-old OE animals approximated the physiological levels found in normally cycling young female rats (32, 49) . As expected, estrogen treatment markedly increased uterine weight in both age groups. Older animals had higher body weights. Furthermore, within each age group, body weight was decreased after 1 mo of estrogen treatment. Together, these findings confirm that the hormone treatment method achieved physiological, biologically active levels of estrogen in both young adult and middle-aged rats.
Basal levels of NF-B. Because the active form of NF-B translocates to the nucleus to activate target genes, the level of NF-B p65 in the nuclear fraction reflects its active form. Therefore, we first explored whether there is a difference in the basal levels of NF-B p65 in nuclear and cytoplasmic compartments of cerebral vessels of young vs. middle-aged rats. As shown in Fig. 1, A and B , levels of cytoplasmic NF-B p65 were significantly higher in vessels isolated from brains of 4-mo-old than in those from 13-mo-old OVX rats. Furthermore, the total amount of basal NF-B p65 (cytoplasmic ϩ nuclear) was higher in cerebral vessels from young than in those from middle-aged female rats. Figure 1C demonstrates, however, that the ratio of nuclear to cytoplasmic NF-B p65 was significantly smaller in cerebral vessels of 4-mo-old rats than in those of 13-mo-old rats. In other words, of the total NF-B in the cerebral vessels, relatively more is found in the nuclear fraction of cerebral vessels of middle-aged than found in young rats.
LPS activation of NF-B. To explore whether age alters the activation of NF-B p65, we exposed freshly dissected pial blood vessels from 4-and 13-mo-old OVX females to LPS ex Values are means Ϯ SE; n ϭ 6. OVX, ovariectomized; OE, ovariectomized ϩ estrogen treatment. *Significantly different from 2 other groups and †significantly different from 3 other groups in the same column, P Յ 0.005. vivo. Figure 1 , D and E, shows that the time course of LPS-induced translocation of NF-B p65 protein into the nucleus was similar in vessels from both age groups, with a peak at ϳ20 -30 min. Therefore, for all subsequent NF-B p65 DNA binding assays, pial vessels were treated ex vivo with LPS or saline vehicle for 20 min.
We have previously shown in young rats that estrogen suppresses the translocation of NF-B p65 into the nuclei of cerebral blood vessels after stimulation with IL-1␤ (37). Figure 2 , A and B, shows that LPS significantly increased nuclear p65 DNA binding activity in pial vessels from all groups of rats. Furthermore, in both age groups, prior estrogen treatment of the animal significantly decreased the level of NF-B p65 DNA binding activity in pial vessels treated with LPS ex vivo. Treatment with vehicle did not cause any change in NF-B p65 DNA binding activity in pial vessels from any of the animal groups (data not shown). Also there was no significant effect of the estrogen treatment on nuclear NF-B p65 DNA binding activity in vehicle-treated vessels. To further explore the impact of age on the response to LPS and the effect of estrogen, we calculated the LPS-induced increase in cerebrovascular nuclear NF-B DNA binding activity (Fig. 2C ) by subtracting activity in vehicle-treated vessels from the activity in LPS-treated vessels for each animal group. For both OVX and OE rats, the LPS-induced increase in nuclear NF-B DNA binding activity was significantly greater in cerebral vessels from middle-aged than in those from young rats. Prior estrogen treatment significantly suppressed the effect of LPS treatment in vessels from both young and middle-aged animals.
LPS induction of COX-2 and iNOS.
Our data show that age and estrogen alter the activation of NF-B, a critical transcription factor in inflammation. Therefore, we further investigated induction of two downstream effectors of NF-B, the inflammatory enzymes COX-2 and iNOS. We hypothesized that COX-2 and iNOS and their major inflammatory products, PGE 2 and NO, would also be altered with age and estrogen treatment. In these studies, OVX and OE rats were treated with LPS or vehicle in vivo, and the brains were removed 6 h later for blood vessel isolation. Using immunoblotting to assess protein levels of COX-2 and iNOS, we found that basal (vehicle treatment) levels of COX-2 and iNOS in cerebral vessels were low and not significantly affected by either age or estrogen treatment (Fig. 3, A and B, and Fig. 4, A and B) . However, as found previously by our group (49) in young OVX rats, cerebrovascular levels of both COX-2 and iNOS were significantly increased after LPS treatment of OVX females (Figs.  3A and 4A) . Furthermore, induction of COX-2 and iNOS after LPS was significantly greater in cerebral vessels from middleaged OVX rats than in those from young OVX rats (Figs. 3C  and 4C ). LPS induction of both COX-2 and iNOS was significantly suppressed in 4-mo-old animals treated with estrogen ( Figs. 3C and 4C ). In contrast, estrogen treatment did not significantly alter the induction of COX-2 and iNOS in cerebral vessels from middle-aged rats (Figs. 3C and 4C) .
LPS induction of PGE 2 and NO. To further assess age and estrogen modulation of the cerebrovascular inflammatory process, we measured production of PGE 2 and NO, the major products of COX-2 and iNOS, respectively, after LPS treatment ex vivo (Figs. 3D and 4D ). In these studies, pial vessels from OVX and OE rats were treated with LPS (100 g/ml) ex vivo for 6 h. LPS stimulated production of both mediators, and these effects were significantly greater in cerebral vessels of middle-aged female rats. Although estrogen treatment of young rats significantly suppressed the ability of LPS to stimulate PGE 2 and NO production, there was no significant effect of prior estrogen treatment in vessels from middle-aged animals.
DISCUSSION
This study clearly demonstrates that age alters the inflammatory response of cerebral blood vessels and reduces the effectiveness of estrogen. In middle-aged female rats, basal levels of cerebrovascular NF-B showed a higher nuclear-tocytoplasmic ratio, and LPS caused a greater increase in nuclear NF-B DNA binding activity. This was matched by significantly greater LPS induction of COX-2 and iNOS enzymes, as well as PGE 2 and NO production, in cerebral vessels of middle-aged compared with young adult rats. As shown previously by our group (37, 44, 49) , treatment of young animals with estrogen significantly suppressed induction of all these parameters: nuclear NF-B DNA binding activity, COX-2, iNOS, PGE 2 , and NO. In cerebral vessels from middle-aged animals treated with estrogen, the LPS-induced increase in nuclear NF-B DNA binding activity was also suppressed relative to OVX vessels. In contrast, however, estrogen had no significant effect on LPS induction of COX-2 and iNOS proteins or production of PGE 2 or NO in cerebral vessels from middle-aged females.
Our data show that the inflammatory response of cerebral blood vessels increases with age. Basal levels of inflammatory enzymes were not different between vessels of 4-and 13-moold females, but the older animals showed a greater vascular response to the inflammatory stimulus, LPS. Inflammation is thought to be a key underlying process of many age-related chronic diseases (6) . Epidemiological and experimental studies support an age-associated increase in cardiovascular disorders with an inflammatory component, including atherosclerosis and stroke (27) . This increase in inflammatory activity may be explained in part by accumulation throughout life of oxidative stress, a potent activator of redox-sensitive inflammatory mediators like NF-B (6). Other possible explanations include accumulated effects of exposure to infectious agents or aberrant regulation or overreactivity of inflammatory pathways over a prolonged period of time (25, 27) .
Central to the initiation of inflammation is the activation of NF-B, a nuclear transcription factor involved in the coordinated expression of proinflammatory genes such as those for COX-2 and iNOS (31). NF-B forms an inactive complex in the cytosol; however, on activation, NF-B dimers such as p65/p50 translocate to the nucleus. In the basal state, cerebral vessels from the older rats exhibited a higher proportion of nuclear NF-B p65 protein relative to cytoplasmic levels. This finding is consistent with reports of age-related increases in NF-B activation and phosphorylation by IB kinase and MAPKs in other tissues (6, 15, 24) . However, in cerebral vessels, the basal levels of inflammatory mediators COX-2, iNOS, PGE 2 , and NO were not altered by age. Perhaps, the Fig. 3 . Effects of age and estrogen on LPS induction of cyclooxygenase-2 (COX-2) protein and PGE2 production in cerebral blood vessels. A-C: COX-2 protein in cerebral blood vessels isolated from whole brains of 4-and 13-mo-old OVX and OE rats 6 h after in vivo administration of vehicle (A and B, basal levels) or LPS (A and C). A: representative Western blot. Mean band densities are expressed as the fold increase in protein relative to the level in vessels from either 4-mo OVX (B) or vehicle-treated (C) rats analyzed on the same Western blot. D: PGE2 production from pial vessels freshly dissected from 4-and 13-mo-old OVX and OE animals. Vessels were incubated in vitro with LPS or vehicle for 6 h. The LPSstimulated increase in PGE2 production was calculated as the difference in PGE2 levels in the vessel incubation medium in the absence or presence of LPS. Means Ϯ SE are plotted; n ϭ 5. *Significantly different from each other in the same group, P Յ 0.05. relative increase in basal NF-B nuclear activation in vessels from middle-aged rats was insufficient to alter inflammatory mediator production. The data may instead reflect some compensatory mechanism to maintain nuclear levels of NF-B despite a reduction in cellular NF-B with age. The total basal level of NF-B p65 protein was lower in vessels from middleaged than in those from young adult animals. A decrease in absolute levels of NF-B with age may be detrimental in older brain, as shown recently with NF-B p50 knockout mice (28) . On the other hand, high cytoplasmic levels of NF-B in young animals may reflect additional roles of this transcription factor in development or other noninflammatory processes (28) .
When we administered LPS to induce inflammation, NF-B p65 DNA binding activity was stimulated to a greater degree in cerebral blood vessels of middle-aged than in those of young adult female animals. This enhancement could be explained by an increase in NF-B p65 protein nuclear translocation and/or an increase in its affinity for its cognate DNA. Consistent with the higher LPS induction of nuclear NF-B DNA binding activity, LPS also had a greater effect on cerebrovascular COX-2 and iNOS protein and activity levels in middle-aged rats than in the younger animals.
It is important to point out that estrogen treatment remains effective in middle-aged female rats. Estrogen had significant effects on body weight, uterine weight, and cerebrovascular NF-B DNA binding activity in both 4-and 13-mo-old OVX animals. The hormone replacement implants that we used achieved physiological serum levels of 17␤-estradiol in both young adult and middle-aged rats (32, 49) . A larger capsule was necessary to achieve this level in the older animals, which may be due to their higher body weight. Estrogen-treated rats of both age groups showed significant reduction in weight relative to their respective OVX controls. This effect may be explained by increased resting energy expenditure (9), as we have observed that estrogen increases rate-limiting steps in energy production (48) . Estrogen may also have hypophagic effects (33) . Expected trophic effects of 17␤-estradiol treatment on the uterus were also observed in both age groups, demonstrating that the biological action of estrogen is maintained throughout the treatment period.
Estrogen treatment had no effect on basal DNA binding activity of NF-B p65, but it significantly suppressed LPSinduced increases in nuclear NF-B p65 DNA binding activity in cerebral vessels of both young and middle-aged rats. An anti-inflammatory effect of estrogen on the induction of COX-2, iNOS, and their major inflammatory products, PGE 2 and NO, was also seen in young rats, as reported previously (37, 44, 49) . Our group (44) recently demonstrated that estrogen also suppresses the cerebrovascular inflammatory response to LPS in young male rats. The influence of gonadal hormones on cerebrovascular inflammation, however, is complex, because we have found that both progesterone and testosterone treatments have the opposite effect, exacerbating the induction of proinflammatory factors in cerebral vessels of young adult rats (44, 49) . In fact, in young females, the cerebrovascular response to LPS varies with the estrus cycle, reflecting the changing levels of estrogen and progesterone (49) . In the present study, we have only used OVX animals, but clearly age-related changes in cyclicity would add additional complexity that needs to be considered to fully understand the impact of ovarian hormones on cerebrovascular inflammation in older females.
The present findings support the conclusion that, in cerebral blood vessels of young animals, estrogen suppresses inflammation at least in part via an action on the NF-B pathway (12, 37) and most likely via several receptor-related mechanisms (22, 47) . In certain cultured cells, estrogen was found to inhibit the activation of NF-B by preventing IB␣ degradation (46) , thereby leaving NF-B complexed to its inhibitor in the cytoplasm. However, in cultured cerebral endothelial cells, estrogen suppressed NF-B-dependent induction of ICAM-1 through a mechanism unrelated to degradation of IB␣ (12) . Additional mechanisms for estrogen suppression of NF-B action include alteration of its translocation to the nucleus and/or reduction of NF-B binding activity (12) . It has also been shown that the estrogen receptor can compete with NF-B for limited amounts of the transcriptional coactivator CBP/p300 (47) . Depending on the state of activation of the cell, this competition can inhibit NF-B from inducing gene expression.
In contrast to our findings in young adults, in middle-aged female rats, estrogen did not suppress LPS-induced increases in cerebrovascular COX-2, iNOS, PGE 2 , or NO. This was the case even though estrogen did reduce the induction of NF-B nuclear DNA binding activity in vessels from middle-aged animals. However, because the response to LPS was much greater in cerebral vessels from older animals, it is possible that the level of NF-B suppression by estrogen was not sufficient to significantly alter iNOS and COX-2 expression and function. Another possible explanation is that iNOS induction and COX-2 induction involve other pathways in addition to NF-B activation. For example, transcriptional regulation of COX-2 in LPS-stimulated macrophages has been shown to involve cAMP response element-1, cAMP response element-2, activator protein-1, and the E-box element in addition to NF-B (23) . The role of these various factors in cerebrovascular inflammation and possible effects of age and estrogen are not known. It is also becoming clear that the specific transcriptional responses following ligand activation of nuclear receptors are context specific (46) . Thus it is possible that age changes this context, for example by altering the balance of estrogen receptors and NF-B with shared coactivators such as p300 (47) . As shown in coronary artery smooth muscle cells, an increase in p300 levels can reduce the ability of estrogen to repress NF-B p65 transcriptional activation of inflammatory genes (47) . Aging has been shown to alter estrogen receptor expression in the brain (52), but it is not known whether any age-related changes occur in estrogen receptors in cerebral blood vessels.
Several other studies indicate that effects of estrogen on inflammation vary with age, such that protective effects observed in young animals become less important or even detrimental in older females. For example, production of inflammatory cytokines following brain lesions was reduced by estrogen in young adult female rats but enhanced by the hormone in older, reproductive senescent females (13-16 mo old) (35) . Similar opposing effects of estrogen were seen in studies of LPS stimulation of circulating immune cells taken from young and middle-aged female rats (21) . Interestingly, there is a differential effect of estrogen on permeability of the blood-brain barrier in young and reproductively senescent rats (2), providing further evidence that cerebrovascular responses to estrogen are altered with age.
Our findings suggest that anti-inflammatory effects of estrogen on cerebral blood vessels may contribute to the ability of estrogen to attenuate ischemic brain injury and other inflammation-associated neurological diseases (30, 52) . However, this protective effect of estrogen in cerebral vessels appears to be robust in young adult rats but substantially reduced in middle-aged females. This important influence of age could explain, in part, the results of recent clinical trials of hormone replacement therapy that failed to support vasoprotective effects of estrogen, as the average age of study participants was 63 yr (4, 14) . Clearly, further work must be done to understand the cellular and molecular mechanisms by which age modulates the anti-inflammatory effect of estrogen. Our findings underscore the complexity of understanding of this effect of age and its modulation by estrogen. In conclusion, the agerelated upregulation of constitutive nuclear translocation of NF-B p65 protein and LPS-dependent activation of NF-B p65 protein DNA binding appear to modify the subsequent expression of inflammatory mediators (iNOS and COX) and their major inflammatory products, as well as the ability of estrogen to suppress the inflammatory process.
